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Abstract – Manual metal arc welding can be a hazardous 
practice if proper precautions are not taken. The welding 
procedure uses an open electric arc between an electrode and the 
metals to be joined. Besides the obvious risks of burns and 
inflammation of the cornea, which are prevented by using proper 
personal protective equipment, the operator may also be subject 
to the risk of electric shock from the exposed parts of the welding 
circuit, both the electrode and the workpiece. In addition, the 
welding current, by straying from the intended path, can cause 
localized heating of parts, with the risks of triggering fires and/or 
explosive atmospheres. Because of the high current required by 
the arc welding equipment, operators are exposed also to strong 
electromagnetic fields. This paper seeks to clarify the 
aforementioned issues, especially in light of the fact that the risk 
associated with electric shocks may be unknown to welders and 
their supervisors.  
 
 
Index Terms – arc welding, electric shock, electrical safety, 
human exposure, protective conductor  
 
I. INTRODUCTION 
The arc welding is a fusion welding, in which the heat for 
welding is obtained from an electric arc. The manual metal-arc 
welding uses a covered metal electrode in the shape of a rod or 
wire from which the current passes to the arc.  
The arc welding power source is characterized by a constant 
current output, so that to ensure that current and heat remain 
relatively constant, even if the arc length and voltage change. 
This arrangement facilitates the welding procedure, which 
requires that the operator use a welding electrode and a return 
current clamp to be attached to the workpiece (Fig. 1), which 
are both exposed to the accidental touch of the welder. 
 
 
  Fig. 1 Manual metal arc welding set up. 
                                                            
1 Allied processes are for example electric arc cutting and arc spraying. 
 
The electrode holder connects to the welding cable and 
conducts the welding current to the electrode from the power 
source; the welding current flows to the source through the 
workpiece, and the return current clamp. Arc welding clamps 
are designed to make a stable electrical connection to the 
workpiece without the aid of additional tools [1]. Electrode 
holders must be rated on their current-carrying capacity, and 
fully insulated [2]. 
Reference [3] prescribes that the rated rms. value of the no-
load voltage of the supply must not exceed 80 V, or the peak 
of 113 V for direct-current machines; the no-load rms value is 
reduced to 48 V, if the arc welding takes place in environments 
with increased risk of electric shock (the peak value for dc 
machines remains instead the same also in this case). 
Reference [4] does confirm the value of 80 V rms in ordinary 
environments for alternating-current machines, and more 
conservatively prescribes the limit of 100 V for dc arc welding 
machines. 
To minimize the risk of electric shock, welders should wear 
specifically designed personal protective equipment (PPE) 
during welding and allied processes1 (e.g. insulating gloves 
and shoes, insulating mats) [5] [6]. Standard welding PPE may 
not be designed to protect against electric shock. 
 
II. RISK OF ELECTRIC SHOCK 
 
The prescribed values of no-load voltages, although below 
typical nominal system voltages, exceed the limits 
conventionally assumed as dangerous for direct contact with 
parts normally live, which are 25 V in ac and 60 V in dc These 
limits are based on the concept that the risk of electric shock 
associated with contact with parts normally live (e.g. the 
welding electrode) is greater than the risk of contact with parts 
that could become energized only in fault conditions [7]. 
The arc welding source may also supply power to other 
equipment, such as auxiliary circuits, cooling liquid, gas to 
shield the arc and the welding area, etc., which may be at 
voltages greater than the allowable no-load voltages. To 
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prevent the welding circuit from being energized at such 
voltages, [3] recommends a supply transformer equipped with 
double insulation (i.e. basic insulation plus supplementary 
insulation), or with a reinforced insulation, in accordance with 
[8]. 
The welding circuit must not be internally connected to the 
enclosure of the welding machine, which may be connected to 
ground via a protective conductor (PE) [9] (also referred to as 
equipment grounding conductor). By not intentionally 
grounding either terminal of the machine it is assured that in 
the case of contact with either the electrode or the clamp, only 
a modest touch current will circulate; this touch current is due 
to the parasitic distributed capacitance between the welding 
circuit connections and the PE (Fig. 2).  
 
 
 
     
Fig. 2 Touch current between welding circuit connections and PE 
 
Reference [3] requires that this capacitive current must not 
exceed 14.1 mA peak. 
The simultaneous direct contact with the electrode and the 
clamp exposes the operator to the no-load voltage of the 
welding machine. This hazardous situation can also occur if 
either electrode or clamp rest on conductive surfaces that are 
then simultaneously touched. In general, metallic components 
bonded to the workpiece increase the risk of electric shock for 
the operator touching at the same time these parts and the 
electrode; the operator should be insulated from all such 
bonded metallic components. 
If the workpiece is naturally or intentionally grounded, the 
exposure to the no-load voltage may occur by merely touching 
the welding electrode. 
Similarly, if the basic insulation of the welding circuit fails, 
the welder may be exposed to the no-load voltage by touching 
the workpiece (Fig. 3) 
 
 
Fig. 3 Failure of the basic insulation of the welding circuit 
 
III. ENVIRONMENT WITH INCREASED RISK OF ELECTRIC 
SHOCK   
 
Reference [3] prescribes the reduction of the no-load voltage 
of welding machines to 48 V rms in environments where the 
probability of electric shock is increased with respect to 
normal arc welding conditions. Such environments include 
locations [10]:  
 
1. in which the freedom of movement is restricted so that 
the welder may be performing the welding in a cramped 
position (e.g. kneeling) in physical contact with 
conductive parts;  
2. which are fully or partially limited by conductive 
surrounding parts with which the operator may come 
into contact with a high probability;  
3. in wet and/or damp and/or hot locations, where 
humidity and/or perspiration significantly reduce the 
skin resistance of the person, as well as the insulating 
properties of accessories. 
 
The increased-risk environments for welding processes may 
not necessarily coincide with the conducting locations with 
restricted movement (CLRMs), as defined in [11]. As an 
example, a conductive storage tank, which is isolated from 
ground, restricts the physical movements of a person working 
in it, but it is not a CLRM due to its isolation from ground. 
However, for the purpose of arc welding, the same storage tank 
does fall into one (or more) of the aforementioned increased-
risk environments, and should be, therefore, treated as such by 
employing risk mitigation strategies. 
 
IV. OPERATIONS WITH MULTIPLE WELDING MACHINES 
 
Welding machines with different power sources may 
simultaneously be used on one workpiece (e.g. pipelines). 
Some welding processes may require dc welding machines 
to use both polarities, that is, the electrode can be connected to 
either the positive pole or the negative pole of the welding 
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machine2 (Fig. 4). 
 
 
 
Fig. 4 Multiple welding machines in dc welding process 
 
As shown in Fig. 4a, the no-load voltages between electrode 
holders may become two times the machine nominal voltage, 
according to the output polarities of the welding machines. 
In ac welding processes, the welding machines may be 
distributed among the phases of the supply circuit, and the 
output instantaneous polarities may not be the same for each 
machine (e.g. the electrode is connected to positive in one 
machine and negative to another) (Fig. 5). 
Also in the cases shown in Fig. 5, the no-load voltages 
between electrode holders may become two times the machine 
nominal voltage. In the case of three-phase supply, if welding 
machines are connected to different phases (e.g. L1-L2 and 
L1-L3), the summation of no-load voltages will always be non-
zero. Similar potential differences will also occur if both ac 
and dc welding are performed simultaneously on the same 
structure. 
The above described hazardous situations imposed by dc 
process requirements, or ac supply circuit constraints, and 
expose welders to the risk of electrocution if in simultaneous 
contact with electrodes of different machines. 
Operators must address this hazard by: 
 
§ being aware of the risk; 
§ never touching simultaneously two electrode holders or 
electrodes; 
§ working out of reach of each other. 
 
The non-zero summation of no-load voltages can be avoided 
for ac machines, by reversing either the welding cables, or the 
supply cables, whereas for dc machines preventing welding 
terminals from having different polarities. 
 
                                                            
2 A positive electrode provides the deepest welding penetration, whereas, 
a negative electrode provides a greater deposition rate. 
 
Fig. 5 Multiple welding machines in ac welding process 
 
 
V. STRAY WELDING CURRENTS 
 
Stray welding currents are substantial electrical currents 
(e.g. hundreds of amperes) that return to the source not only 
through the intended path (i.e. the return cable), but also 
through alternative routes. Stray currents can cause electric 
shock, burns, damage to property, and trigger explosive 
atmospheres, as well as fires. 
Objectionable paths may be created when the return clamp 
is not as close as practical to the welding area, or to the 
workpiece; in this case stray currents circulate through larger 
portions of the workpiece, and possibly through the bench on 
which it rests; this may damage the workpiece (e.g. bearings 
of a machine). 
Stray currents are likely if the welding return path exhibits 
a high resistance R (e.g. return clamp is attached onto a rusty 
surface), and the return cable has insulation defects (Fig. 6). 
 4 
 
 
 
 
 
Fig. 6 Stray current due to high resistance return path, and insulation defects 
 
If the workpiece being welded on is grounded (e.g. 
pipework installations) clamping the welding return to other 
grounded elements (e.g. frame of the building) should be 
avoided, unless they form part of the workpiece itself (Fig. 7). 
 
  
Fig. 6 Stray current due to clamp connection to grounded member 
 
In the above case, the stray current may weaken load-
bearing structures with grave risk for persons. 
 
VI. ASSESSMENT OF ELECTROMAGNETIC FIELDS PRODUCED 
BY ARC WELDING EQUIPMENT  
A. Methods 
Arc welding equipment produce low-frequency 
electromagnetic fields that may adversely affect sensory and 
muscle function of the exposed workers; this may lower 
workers’ ability to work safely. 
For arc welding processes, the magnetic field is the most 
significant component of risk, thus an assessment of its 
magnitude against safe exposure limits as per [12], [13], [14], 
[15], [16] is necessary and mandatory for employers. 
The standard EN 50444 [12] proposes the assessment 
procedure based on numerical calculations based on the 
ICNIRP guidelines. It is worth noting that the ICNIRP updated 
the guidelines concerning the low frequency range in 2010 
[16]. However, many countries still have a regulatory 
framework based on the old guidelines published in 1998 [15]. 
In this paper both guidelines are therefore, considered. 
The first noticeable difference between the two guidelines is 
the introduction of less stringent safe exposure limits in the 
new version. For brevity, in this paper we will only recall the 
levels related to the external magnetic fields, which are 
summarized in Fig. 7. The increase of the limit values starts at 
25 Hz, and is based on a better understanding of the effects of 
the magnetic fields on persons, which allowed the reduction of 
the safety factors.  
In addition, the latest guidelines have also changed the main 
dosimetric quantity to be in-situ electric fields, whereas the 
current density was previously considered. The major 
biological interaction that is now taken into account is in fact 
the electro-phosphenes, which is directly related to in-situ 
electric fields [16] 
 
Figure 7: Comparison of the ICNIRP reference levels for exposure of the 
population to time-varying magnetic fields.  
 
ICNIRP guidelines provide for a two-step procedure: the 
magnetic flux density is compared with the reference levels; in 
case of non-compliant values, the exposure is assessed against 
the basic restrictions, i.e. field quantities that determines health 
effects. 
For pulsed or non-sinusoidal magnetic fields the assessment 
is not straightforward, as safe limits cannot be easily quantified 
due to the presence of a complex spectrum. Arc welding 
equipment generates a magnetic field waveform well defined, 
as it is proportional to the welding current regulated by the 
machine. The ICNIRP classifies these kind of waveforms as 
coherent, and suggests their assessment via the weighted peak 
method (WPM) [16], [17], [18]. The different spectral 
components must be independently analyzed and results must 
be added up according to the following formula: 𝑊𝐹#	𝐴# cos 2𝜋𝑓#𝑡 + 𝜃# + 𝜑## ≤ 1        (1) 
where 
• 𝐴# is the amplitude of the field (measured/computed) 
at the frequency 𝑓#; 
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• 𝜃# is the phase angle of the field 
(measured/computed) at the frequency 𝑓#; 
• 𝑊𝐹# is the weight function at the frequency 𝑓#; 
• 𝜑# is the phase angle of the weight function at the 
frequency 𝑓#; 𝐴# denotes a general quantity that can represent either an 
external field (e.g. B-field) or an induced field (e.g. J-field or 
E-field). 𝑊𝐹# is defined as the inverse of the limit at the 
frequency 𝑓#. 𝜑# is provided by means of tables in the ICNIRP 
guidelines depending on the quantity 𝐴# to be weighted. 
When the current source is known, the standard EN 50444 
[12] defines the assessment parameters for the numerical 
simulations. In particular, the welding cable pathway is fixed 
and its closes point to the body trunk is set to 20 cm [12]. Fig. 
8 shows the anatomical body model named Duke [19] located 
in proximity of the welding cable according to the Annex A of 
[12]. The color map refers to the magnetic flux density values 
produced by a 100 A current. 
 
Figure 8: Relative positon between the anatomical body model and the 
welding cable according to [12]. The color map refers to the magnetic flux 
density produced by a 100 A current. 
The anatomical body model belongs to 34 years old man 
(height 1.804 m, weight 72.8 kg). It is obtained by 
segmentation medical imaging (i.e. magnetic resonance) and it 
is made of elementary 2×2×2	mm4 brick elements called 
voxel (i.e. volumic elements) [19]. 
B. Description of the welding current 
The current related to arc welding process is a waveform 
with trapezoidal shape [20]. In this paper we consider an ideal 
trapezoidal waveform (Fig. 9). According to the work of Mair 
[20] the trapezoidal waveform is characterized by the 
following parameters: rise-time (tr) 0.4 ms, pulsewidth (t) 1.7 
ms, fall-time (tf) 1 ms and period (T) 4 ms. The current peak 
(Ip) is set to 450 A. 
 
 
Fig. 9 Ideal trapezoidal waveform used to represent the welding current. 
 
The spectrum of the welding current is shown in Fig. 10. 
The spectral resolution is 250 Hz for a period of 4 ms. It can 
be observed that the harmonic content beyond 5 kHz is 
negligible. 
C. Results 
The first analysis refers to the magnetic flux density 
generated by the welding device. By means of the model 
previously described, the magnetic flux density is computed 
for each voxel of the human model. For each tissue the 
maximum value (i.e. the peak of the waveform) is identified, 
and the weighted peak method is applied considering the 
ICNIRP guidelines of 1998 and 2010 [15], [16]. The human 
model herein adopted includes 72 tissues; however, to improve 
the readability of the results, some representative tissues of the 
peripheral nervous system (PNS) and of the central nervous 
system (CNS) were selected. 
The results are shown in Fig. 11. The safe limit is exceeded 
(i.e. > 1) for all the selected tissues, if we compare to the old 
ICNIRP guidelines, whereas, with the latest guidelines, the 
limit is only slightly exceeded at the PNS tissues. In both cases 
it is therefore necessary to calculate the exposure quantities 
and their related exposure indexes. 
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Fig. 10 Spectrum of the welding current 
 
 
Fig. 11 Exposure indexes related to the B-field according to the old ICNIRP 
guidelines (1998) and the latest ICNIRP guidelines (2010). 
 
The induced quantities are computed by solving a field 
problem for each frequency of the current spectrum. Since the 
spectrum is limited below 5 kHz, the quasi-static 
approximation is used [21], [22], [23], [24] and each field 
problem is solved by means of the scalar potential finite 
difference technique [25]. Once the spectrum of the induced 
quantity is known, the inverse Fourier transform is performed 
and the weighted peak method is applied again. The 
comparison of Fig. 12 shows that the exposure indexes are well 
below the limit (< 1). 
In general, the new indexes included in the latest ICNIRP 
guideline have decreased with the only exception of the skin. 
This is likely due to the fact that the skin is a very thin tissue 
with low conductivity [26], which carries low values of current 
density. On the contrary, the skin can be subject to quite high 
values of electric field due to the continuity of its tangential 
component. The modeling of the skin is nowadays an open 
problem for the scientific community [27], [28], [29], [30]. 
 
 
Fig. 12 Exposure indexes related to the J-field according to the old ICNIRP 
guidelines (1998) and to the E-field according to the latest ICNIRP 
guidelines (2010). 
 
 
VII. CONCLUSION 
 
In this paper, the authors have identified and discussed the 
risks to which arc welders may be subject, such as electric 
shock and exposure to intense electromagnetic fields generated 
from the arc welding equipment.  
Operators may be working in special locations where the 
probability of electric shock is increased with respect to 
normal arc welding conditions (e.g. conducting locations with 
restricted movement), or because welding machines with 
different power sources are simultaneously used on a single 
workpiece. In addition, welders may inadvertently cause 
substantial stray currents through unintended paths, with grave 
risk of electric shock, burns, and damage to load-bearing 
building structures. 
The authors have also performed an evaluation of the 
exposure of operators to electromagnetic fields. As a result, the 
case analyzed showed that the welding equipment was in 
compliance with ICNIRP guidelines: even though the 
reference levels for the B-field were exceeded, the basic safe 
limits for the J-field and the E-field were not exceeded. 
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